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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

HANDLING QUALITIES OF HIGH-SPEED AIRPLANES
By W. C. Williams and A. S. Crossfleld

The requlirements for saetisfactory handling gqualities were first
proposed by Gilruth Iin 1940. These requirements were based on Fflight
tests of many airplanes up to 1940 and were further substantiated by
flight tests of the World War II alrplanes. The results of these tests
led to the Army-Ravy specifications for satisfactory handiing character-
istics. 8Since that time, however, there have been drastic changes iIn
the speed renge and configura.tion of the alrplenes. It 1s deslirable to
compare the handling qualities of some of these newer alrcraft with the
requirements. In this paper, the attempt will not be to describe com-
pletely the bandling characteristics of all the research alrplanes but
will be to describe objectionable characterlstlics and those which indi-
cate review of the requirements. These handling quelitles are discussed
in an order similar to the specifications. The longitudlinal case is
described first.

One of the primary longitudinal characteristics 1s the elevator
angle required to trim the airplene through the speed renge. In fig-
ure 1, the variation of elevator angle required for trim with Mach
number for the X-1 unswept-wing, the D-558-I unswept-wing, the
D-558-I1 swept-wing, and the X-I swept-wing teilless airplanes is pre-
sented. As shown &ll the airplanes undergo & longltudinal trim
change at tre.nsonic speeds. In addition, the vardiation with Mach num- .
bers at supersonic speeds 1s umstable. These are trim changes and not
instabllities since through this speed range the alrplanes are extremely
stable with change in 1ift coefficient at any given speed except as
discussed subsequently. The elevator effectiveness 1s very low at these
speeds and as & result, 1f the alrplane 1s not trimmed absclutely cor-
rectly with the elevator, the rate of divergence 1is reasonably slow.

It should be noted that the data for the X-1 and D-558-II were teken at
two different stabllizer settings. The blank area in the D-558-II plot
1s caused by the fact that our flight plans to date have required stabi-
lizer maneuvers in this speed range and hence elevator data are as yet
unavailable. The maneuvering characteristics are dilscussed subsequently.

Much of these trim changes are primarily caused by changes in ele-
vator effectiveness and very with stebilizer Incidence. In order +to
i1lustrate this point further, flgure 2 gives the variation of elevator
angle with Mach number at verious stabilizer settings for both the
X-1 airplane end the F-86A airplane. As cen be seen in this figure, the
variation of elevator angle with Mach number cen be markedly changed by
small changes in the stabilizer incldence. It should be noted that in
the case of the X-1 the trim change can be varied from nose-down to
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nose-up by changing the stabilizer setting. The two extreme stabllizer
settings in the casé of the X-1 indicate the limiting conditions of
elevator deflection. Obviously, in this region the elevator is not a
good trimming device. Also shown is variation with Mach number of the
stabilizer incidence required for trim with zero elevator angle, that
is, an all-movable tail. As can be seen, this variation is very small,

The increase in stability coupled with the loss in elevator effec-
tiveness in this speed renge causes a great increase in the elevator
required to meneuver. This is illustrated in figure 3 where the eleva-
tor per unit Cy, &nd the stick force per g are plotted as functions
of Mach number for the D-558-I, the X-1, the X-4, and the D-558-II air-
planes. These data apply for moderate 1ift changes from stralght flight.
It is shown In this figure that above a Mach number of about 0.8 all
these ailrplanes experience very large changes In elevator reguired for
maneuvering. The stick force per g 18 extremely high, but even if
boost were used to reduce the forces, the maneuvering characteristics
would still be poor because of the large élevator anglés required per
unit Cgp. These values are well in excess of the elevator deflection

range of the airplanes which 1s of the order of 25° total travel.

In order to maneuver the alrplsnes to any ressonable degree in
this speed range, we have had to use the adjustable stabllizer as &
maneuvering control. The required stabilizer angles for maneuvering
do increase with Mach number because of the stability change as can be
seen in Ffigure 4 where the increment of stabilizer incidence required
for unit CNp 1s plotted as a function of Mach number for the -

D-558-II airplane. The stabilizer required is not extremely large when
compered to the elevator deflection required. Also included in this

plot are date from the Langley 8-foot high-speed tunnel which indicated
the same trend as measured in flight. Maneuvering with an adjJustable
stabilizer 1is not satisfactory. The stabilizer is actuated by a switch
on the control column. With high rates of deflection, that is, 20 or

3° per second, it is very difficult to position accurately the stabillizer
and thereby maneuver the airplane properly. The rates used are of the _
order of 19 per second. With these rates, the stabilizer can be posi-
tioned precisely but cannot be maneuvered rapidly. Actually, for good
control, 1t would be required to have a surfasce that 1s directly linked
to the stick. and ' the travel of which is proportional to stick displacement.

In the case of the X-1, by maneuvering the airplane with the
stabilizer maximm 1ift has been reached at all Mach mumbers up to
a Mach nunber of 1.0 and high values of normal-force ccefficients at
speeds in excess of Mach number 1.0. No adverse stability and conmtrol
characteristics were experienced below maximum 1ift but buffeting, which
was encountered at the high 1ift coefficlents, limited the maneuvera-
bility of the mirplane. 'In the case of the D-558-II, the X-I, and the
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F-86A, the situation is markedly different. With these airplanes, a
chenge in stabllity occurs &t 11ft coefficients well below maximum 11ift
of the airplane and before buffeting becomes severe. This stabllity
change, called pitch-up, was experienced at low speeds on the

D-558-IT airplane during tests several years ago. Since then the
tests have been expanded over a greater speed range. Figure 5

presents & time history of elevator angle, engle of attack, and normal
acceleration in a wind-up turn at a Mach number of 0.91 with the
D-558-IT airplane in which this type of iInstability occurred. It should
be noted that, while the elevator motion remains smooth, the angle of
attack takes an abrupt increase with an accompanying change in the
normal acceleration. The average rate of this abrupt angle-of-attack
increase 18 of the order of 20° per second &s compared to the l/2° per
second rate through the controlled part of the maneuver which amounts
to an Increase in rate of change of angle of attack of some 40 times.
In no cese has 1t been possible to check this pltch-up without an
increese in normal acceleration of at least 1 g.

To further #llustrete this pitch-up and the menner of analysils,
figure 6 presents the varlation of elevator angle and normal-force
coefficlent with angle of attack, The polnt of instabllity 1s defined
as the point et which there i1s an abrupt change in the veriation of
elevator angle with angle of attack. It should be noted that there is
& change in lift-curve slope. This change in l1ift-curve slope actually
mekes 1t mandatory to consider the elevator-angle variztion with angle
of attack. If considered in the usual case with normal-force coeffi-
cient, the severity of the pitch-up could be misleading.

From a series of maneuvers such as these, the normal-force coeffi-
clent at which the eirplanes pitch up or become unstable through the
trensonic Mech number renge has been determined. The results of these .
measurements are shown in figure T vhich presents the varlation with
Mach number of the normal-force coefficlent at which pitch-up occurs
for the X-k airplane, the D-558-II airplane, and the F-86A airplane.
Also presented 1s the variation with Mach number of the 1ift coefficient
required for level flight at 40,000 feet with wing loadings of 40, 80,
and 120 pounds per square foot. In the case of the X-4, the boundary
has only been described up to & Mech number of 0.86 since above this
Mach number insufficient elevator control is avallable to reach the
1ift coefficients at which pitch-up occurs. In the case of the D-558-IT,
-the boundary has been defined up to & Mach number of 0.95. At a Mach
number of 0.95, the pitch-up occurs, as can be seen, &t a normal-force
coefficient of about 0.45. Above this Mech number and up to a Mach num-
ber of 1.30, the airplane has been maneuvered up to normal-force coeffi-
clents of 0.4 to 0.5 end has not encountered an instability which indi-
cates, at least, that the Cy, for plich-up does not decrease further
a8 the Mach number 1s increased. Whether such & boundary exists .
supersonicelly 1s not known et this time. In the caese of the F-864, the
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boundary has been definitely established as shown up to 0.95 Mach num-
ber. These tests, which were made at the Ames Laboratory, indicate that
above this Mach. number no pltch-up occurred to & lift coefficlent of 0.7.
The significance of these data  is about as follows: The L4O- to B80-pound
wing loadings correspond.to present-day fighter-type alrplenes and the
modern bombers would fall into the 80- to 120-pound category. It can be
seen thst, with the fighter—cless wing loading and the D-558-IT instabil-
ity boundary, the maneuver margin under the instability boundary for
meneuvering ls extremely small which means that at a relatively low

value of g +the alrplane will pitch up. The heavier loaded airplsenes,
as can be seen, actually encounter this plitch-up in straight flight, and
in the case of alrplanes which have large control forces, this could be
extremely severe and dangerous. The pilot's opinion is that, a pitch-up of
the nature of the D-558-II case would be intolerable in a tactical air-
plene. At the Ames Laboratory with the F-86A airplane, tests were made
of the effects of vortex generators and boundary-layer fences. At a
Mach number of 0.90 the vortex genmerators ralsed the normal-force coeffi-
clent at which pltch-up occurred approximately O.ICNA with no appsrent
untoward effects on the characteristics of the airplane. The boundary-
layer fences at the same Mach number increased the Cjy et which pltch-

up occurs 0.2; however, these fences were rather large and there were
three per wing and, although no exasct measurements were made, it was
indicated that there was & large drag increase in connection with these
fences. An additional outbvard fence was tried on the D-558-I1 eirplane.
This fence was small and did nét appeer €6 change appreclably the CRp
at which pitch-up occurred but it did appear to alleviate the pitch-up
somewhat. The pllots report that they could control the pltch-up better
with the fences installed. :

The lateral and directional stability and control characteristics
of these airplanes are now discussed. As Par as the static directional
stebillity is concerned, no serious problems have arisen with the possible
exceptlion of a charecteristic of the XF-92A airplane in aileron rolls
in approach condltion. This was reported during the Air Force evaluation
and the pllots described it as excessive adverse yaw. Figure 8 presents
a time history of a rudder-fixed dileron roll in landing configuration
at 195 miles per hour. Notice that while the sldeslip does not exceed
69, which is not excessive, the dihedral is very high and reduces the
rate of roll to a very low value until the sideslip diminishes. Because
the alrplane rolls about the body exis at high-angles of attack, the
yaw develops raplidly with the angle of bank. A combination of high
dilhedral snd low directionel stability has given similar results in
alrplesnes 1n the past. With the XF-02A there 1s also high side force
which mey add to the pllot's discomfort. When the NACA recelves the
alrplane the problem will be studled with & view to solution. = .
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With dynamic lateral and directional stability, difficulties bhave
been experienced. The X-1 spaking osclilletion hes been described quite
completely in the pest. A solution bhas not been found but it must be
remembered that calculations Indicate the tall loads required to sustein
the snaking were of the order of *10 pdunds. - ’

With the X-k airplene, an undamped oscillation about all three axes
et & Mach number of 0.88 has been experienced., In figure 9 the time
historles of normal acceélerstlon, rolling wvelocity, control positions,
and sideslip are shown. The pltching appears predominent to the pilot.
The smell undamped yawing osclllation et this.speed induces a pitching
osclllation at twice the frequency of the yawing oscillation. The
pitching is apparently smplified because the natural frequency in pltch
is twice that of yaw &s shown in figure 10. These data were obtained
from rudder kicks and stick Impulses, and Incidentally, in all meneuvers
where there is yawing there 1s pitching at twice the frequency. Flg-
ure 11 shows that at 0.9 Mach number the yawing oscilletlon diverges,
rolling becomes large, and the whole motion 1s intolerable. The violence
is attested by the control motions which result from accelerations on
the pilot. TIateral eccelerations reach :1 g. The irregulariiy of
pilitching 1s probably ¢éused by the control motion.

Another very Interesting dynemic latersel stablility problem arose
during the manufecturer's demonstration of the D-558-II airplane. As
has been previously reported, the damping of the lateral oscillation at .
subsonlc Mech numbers is very light. In the landing configuration the
osclllation 1s completely undamped from sbout 200 to 250 miles per hour.
In early attempts to reach maximum speed undemped leteral oscillations
with accompanying rudder oscillation occurred. Interesting Is the fact
that power-on Cha. of the rudder is positive and power-off 1s negative.

An explanation 1s the wide expansion of the rocket exhaust at the low
atmospheric pressures above 60,000 feet, which causes a family of shock
waves In the rudder reglon. The rudder was locked and the speed range
wae extended to 1.87 Mach number. A large lasteral oscillation occurred
et the higher speeds and is shown in figure 12 where time histories of
Mach number, normael acceleration, aileron a.ngle rolling velocity,; end
sideslip ere . given. L .

It should be noted that &t the time the eirplane exceeded M = 1.k
or 1.5 =&and was pushed over to_sbout 0.2g, & lateral oscillation begen.
The pllot used alleron control end initially wes able to control the
osclllation although he did not stop it. He later got out of phase
with the motion and the oscillation diverged. Again the airplane
.oscillated in pitch with a frequency twice that of yaw but was not
resonant. As the airplane slowed down to below & Mach number of 1.4
and the normal acceleration wa.s increa.sed a.'bove 0.2g the oscilletion
began to damp. '
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In order to isclate the effecta of Mach number and 1ift coefficient
the WACA flew & similar flight but at higher normal acceleration which
is shown in figure 13. The main difference of the two flights is the
higher g . and lower maximum speed on the RACA flight. The motion was
much less violent but again 1.4 Mach number appeared to bound the oscilla~
tion. As was predicted and as shown in figure 14, the directional
stablility CnB is decreasing with Mach number increase. Also shown is

a test point from the Tangley 4- by 4-foot supersonic pressure tunnel.
An explanation for the oscillation llies In the diminishing directiona.l
stabllity of the alrplane. o e

P

Another transonic problem is the wing heaviness. Flgure 15 presents )
the variation of ailleron required to fly with the wings level with Mach .
number for the X-l and F-86A airplanes. Notice that the wing heaviness .
is extremely sensitive to sideslip. If alleron is required at zero :
sldeslip for trim, the lateral trim change will be approximately propor-
tional to the loss in effectiveness. This phenomenon hes alsc been
experienced on the D-558-I and to a small degree on the D-558-~II. Pre-
liminary work on the D-558-I showed that vortex generators will relieve ' .
wing heaviness. Further Investigatlon by the Ames Laboratory on the . -
F-86A shows that vortex generators greatly reduce sensitivity to sideslip.

Lateral control effectiveness warrants further consideration. Fig-
ure 16 presents maximum rolling rates and the maximum helix angles against
Mach number for the X-1, the X-i, and the D-558-II as measured in abrupt LA
rudder-fixed aileron rolls. The X-4 data were taken at 30,000 feet and
the X-1 and D-558-II at 40,000 feet. The pb/2V values shown ere not
high and in all cases are less than the Air Force requirements of 0.09.
The rolling wvelocities, however, approached 300° per second while the
requirements state that 220° need never be exceeded. These are very
fast rolls. With these high rates, rolling accelerations are Important.
Figuré 17 presents & time history of an X-4 roll at 31,000 feet at
0.81 Mach mumber. ¥rom the variation of rolling velocity and bank angle
with time it is seen that the maximum rolling velocity 1s not reached
until after 200° of rotation. Such & maneuver does not describe aileron
requirements realistically. The time to reach 90° is probably more
indicative of ailileron usefulness than maximum rolling rate or helix-
angle. In addition, the deesign speed and altitude range must be con- : L
sldered. In figure 18, time to reach an angle of bank of 90° for various
alleron angles are shown for the X-1 and the D-558-I airplanes. Above
15° of aileron deflection, little 1s galned because of the finite time
required for the pllot to deflect the alleroms. Experilence indicates
that the minimum of 1 second to reach 90° is adequate. The airplenes
presented ere consldered to have good alleron control characteristics
in the approach condition even though pb/2V 1s only about 0.0k to 0.06 .
because of the higher approasch speeds and short spans.
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In summary, the foregoing characteristics are reviewed from a
pllot's viewpoint with regard to thelr serilousness. These fall into
four naturel categories. Category I includes cheracteristics that are
dangerous and Impose serious limitations on the operation of the alir-
plene. Ceategory II includes characteristice that are not dangerous but
Impose serious limitatlons on the use of the alrplane. Category III
includes cheracteristics that are not dangerous and do not Impose serious
limitations on the alrplenes but are very objJectionsble. Category IV
hes in 1t the characteristics that indicate change in the handling-
qualities requirements.

In the first category is the static longitudinal instability at
moderate 118t coefficlents with swept wing. Any nonlinearities in
variation of elevator angle with g or engle of attack as encountered
in the pitch-up of the swept-wing alrplanes can be very dangerous.
Static Instebllity has not been tolersted in the pest end should not be
now tolerated in tactical eirplanes.

Also in the first category, the X-h osclllations ebout three axes
are determined es having their origin in very low to zero damping in
yaw and by the fact that the ratios of natural freguencies and coupled
oscillations are similar. Largely because of these oscllletlions 1t was
considered unreasonable to extend the speed beyond the maximum Mach
mmber reached, nearly 0.93.

Also in the first category is the supersonic undemped motion of the
D-558~I1 apparently arising from the low directional stability. The low
directional stablllity presents a reel problem end probably will limit
the meximum speed attainable untll some Iimprovement 1s made.

In the second category which is a serious limitation in the use of
the eirplanes but not of a particularly dangerous nature 1s the loss of
elevator control at transonic and supersonic speeds. The unsatisfactory
elevator control requires that the stablilizer be used to maneuver. How-
ever, for good control the stabllizer should be linked to the control
stick ahd there is no reason to question that the stick force per g
and maneuvering parameters shouldn't be of the same order o:l:‘ magnitude
as 1in the specifications.

The third category includes characteristics that are very cbjectlion-
able but do not endanger the airplane or do not Impose serious limitetions
on thelr usefulness. The XF-92A case indicates that, though =sdverse yaw
is within requirements, an airplene with high dihedral that is flown at
high angles of attack may have obJectionable characteristics in roll.
High side force may add to the objJection.

Transonic snaking, a8 with the X-1, is in the third category and is
difficult to dilagnose because of the very low force Inputs necessary to
sustaln it. Thie sneking on some occasion§ 18 hardly noticeable.
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Again In the third category is wing heaviness which is more serious L
than sneking. At trensonic speeds wing heaviness 1s very sensitive to .
sideelip but apparently can be largely elinmirated with the use of e I
vortex generators. In a tactical alrplene extreme wing heaviness may )

become intolerasble.

The fourth and last category includes the characteristics that have
been found to indicate a review of the handling-qualities requirements.
All the airplanes undergo lsrge trim changes. transonically. These i
changes dare not particularly objectlonable so long as there 1s sufficient _
longitudinal control to trim out the unbalanced momente. With the )
stabllizer as the control the trim changes are small. The variation of
elevator angle with speed has been unstable in some cases. This has not
been particulerly obJectionable and does not -imply the true stability of
the alrplane since the alrplanes are very stable with lift. This is one
point that perhaps should be reviewed or changed in the requirements.

The roll requirement is another that perhaps should be reviewed.
The rolling criterion of 1 second to 90° with consideration of design
speeds and altitudes 1s proposed as being a more representative
requirement for high-speed airplanes. The rates of roll attalnable . R
with these alrplanes are éxcesslive &nd are reéched at large angles of "
bank. The high alleron angles are not useful except to attain these
high rolling velocities.

Langley Aeronautical Laboratory ' -
National Advisory Commlittee for Aeronautics :
Langley Field, Va.
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Figure 3.- Elevator angle per unit CNA end stick force
per g plotted as functions of Mach number,
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Figure 15.- Variation with Mach number of aileron required
for level flight for the X-1 and F-86A airplanes.
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Figure 16.- Maximum rolling rates and maximum helix angles
plotted epainst Mach number for the X-1,.the X-4%, and
the D-558-1I airplanes as measured in. sbrupt rudder-
fixed aileron rolls. e i
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Figure 17.- Time history of angle of benk, rolling velocity,
and alleron angle for an X-4 roll at 31,000 feet and at a
Mach number of .0.81.
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Flgure 18.- Time to reach en angle of bank of 90° for

various alleron angles for the X-4 and D-558-T
airplanes. " - ' .
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